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Introduction
Metal spinal implants are not routinely removed, so corrosion over potentially several decades is a concern [1, 2] . Any movement between metal surfaces, even on the microscopic level, results in etching of the softer surface and often produces wear debris. As the metallic debris oxidizes or corrodes, the particles harden, causing abrasion and more severe etching, resulting in a cycle of implant destruction. Corrosion complications in spinal surgery are related to both loss of implant integrity and biological responses and include infection, toxicity, deterioration of construct strength, and pain [3] . Spine surgeons have experience with visualizing debris and darkened tissue surrounding implants that have been removed routinely or due to a clinical concern [4] [5] [6] . There is certainly the potential of motion existing between metal components of a construct designed to stabilize a spine following surgical intervention, both before a bony fusion is complete and following bony healing. Concern of corrosion increases when mixing two different metals in a biological, 2 Advances in Orthopedic Surgery electrolytic system where an oxidation reaction, boosted by temperature, creates the ideal environment for galvanic corrosion. With the increased clinical use of titanium (Ti) and potential use of Ti in combination with existing stainless steel (SS) implants, there is increased concern amongst surgeons of galvanic corrosion related to mixing these metal classes. In addition to the concern of fretting corrosion caused by micromotion between components, galvanic corrosion could potentially occur within a spinal implant where SS or chromium (serving as an anode) is in physical contact with Ti (the cathode) within an in vivo environment acting as a conducting electrolyte.
Clinical studies of corrosion of explanted spinal implants as well as animal model studies including tissue response at metal junctions have been done [5] [6] [7] [8] [9] [10] [11] [12] . A general consensus seems to have been reached that SS implants have a more significant risk of corrosion than Ti; however, in these investigations all components were of a single metal (SS or Ti). Clinical studies and reviews still tend to advise against mixing metal materials and those with different surface finishes [11, 13] . In vitro studies of spinal constructs including both SS and Ti components following cyclical mechanical testing at biological temperatures in either serum or saline solutions suggest that corrosion in SS-Ti interfaces is the same [14] or even less [15] than in SS only. Other in vitro studies using similar biological environments have been shown to produce similar levels of corrosion in mixed metal components as in an in vivo environment [16] . However, in vitro studies cannot elucidate any information about tissue response to corrosion. Metal particulate (Ti) placed at the level of a spinal arthrodesis in an in vivo model (rabbit) has been shown to increase cellular inflammatory response, osteoclastic response, and osteolysis [9, 10] ; however, implants were not available to be evaluated for corresponding corrosion. There are no known studies showing corrosive effects on implants at metallic junctions and overlying in vivo tissue response to spinal implants composed of different metals. This study evaluated implants and the surrounding tissue of mixed versus single metal combinations (Ti and SS rods with SS, cobalt chrome (CC) and Ti sublaminar wires, SS and Ti cross links, and SS and Ti screws with SS and Ti connectors) twelve months following posterior spinal instrumentation using a Yucatan minipig model.
Materials and Methods
The institutional animal care and use committee approved and provided oversight for this study. Seven Yucatan minipigs approaching the age of skeletal maturity (12-14 months of age, 26-49 kg, and two female and five male) were acquired and housed for at least one week preoperatively to acclimate. Mini-pigs were housed both pre-and postoperatively in controlled climate inside individual pens.
Surgical Protocol.
To assure adequate surgical analgesic plasma levels, twelve to nineteen hours prior to surgery, a patch of skin between the shoulder blades of the animal was clipped, swabbed with alcohol, and a fentanyl transdermal patch (100 micrograms/hour) was affixed. The patch was left in place until three to four days post-op. Any breakthrough pain was treated with buprenorphine, 0.01 mg/kg IM.
Animals were deprived from solid food for twelve to fifteen hours prior to surgery (water remained available ad lib) to decrease aspiration risk. The mini-pigs were weighed immediately prior to the surgical procedure and sedated by an intramuscular (IM) injection into the neck muscles behind an ear of a cocktail of 25 mg/kg ketamine, 2 mg/kg xylazine, and 0.05 mg/kg atropine. Once sedated, the animals were placed prone for dorsoventral (DV) and laterally recumbent on the left side for lateral radiographs, and then they were shaved over the lower back and grounding pad site. Preoperative antibiotics consisted of IM cefazolin (1 gram) given 30 minutes prior to surgery for wound prophylaxis. A maintenance infusion of lactated Ringer's solution was given at a rate of 5-10 cc/kg/hr through an over-the-needle catheter placed in an ear vein. Induction began with propofol, 2 mg/kg, administered through the intravenous line. Direct laryngoscopy to intubate the trachea using a 6.0 or 6.5 mm inner diameter, cuffed endotracheal tube was performed. After securing the endotracheal tube, mechanical ventilation was started and anesthesia was maintained with volatilized isoflurane (1.5-3%). Following this, each animal was positioned in the prone (or dorsal) position and the lower back prepped with betadine. A transcutaneous pulse oximeter was applied to the tongue or ear, a rectal probe was inserted to monitor temperature, and a heating blanket was applied to maintain normothermia. Heart rate, oxygen saturation, and temperature were constantly monitored. Following achievement of an adequate level of anesthesia, a posterior approach was used to visualize the lower thoracic and entire lumbar spine using sterile surgical techniques. Instrumentation sites were prepared over five levels. All SS and Ti implants were commercially available for spine surgery (DePuy Spine, Inc, Raynham, MA), but the CC wires were experimental. The appropriate rod length was measured and one 4.75 mm Ti rod and one 4.75 mm SS rod were cut and placed adjacent to the spinous process (SS on the left and Ti on the right side, Figure 1 , where L1 refers to the most proximal surgical vertebral level and L5, the most distal). No attempt was made to bend the rods to match the natural sagittal contour of the spines. Rods were secured in place with the following construct: Ti pedicle screw exhibited sufficient tone and was breathing independently, the endotracheal tube was removed. Postoperative antibiotics consisted of sulfamethoxazole and trimethoprim (SMZ), 50 mg/kg PO BID for 5 days post-op. When the implants had been in place for one year, the animal were weighed, sedated as detailed above, and euthanized with Beuthanasia-D delivered intravenously in a dose of 90 mg/kg of phenobarbital. The entire lumbar spine along with the implants was harvested en bloc.
Radiographic Analysis.
Plain radiographs (DV and lateral) were taken immediately prior to surgery (following sedation), immediately following surgery while still under surgical anesthesia, at 3, 6, 9, and 12 months post-op (of sedated animals) and following harvest. The location and integrity of the implants, along with any post-op fusion, were evaluated for each of the instrumented segments. Cobb angles of the instrumented regions were measured from lateral radiographs at each time point. Also, the distance between each rod and sublaminar wires/cable (rod-to-wire distance) was measured from the immediate postoperative lateral radiographs and analyzed to determine any trend in risk for neurological deficit. To eliminate the radiographic magnification effect, rod diameter (4.75 mm) served to calibrate all measurements.
Gross Observation.
Photographs were taken of the entire spine with overlying tissue and qualitative observations recorded about the integrity of the tissue, color of the tissue and rod-wire contact areas, presence of loose metallic material, and condition of the wires (intact or broken, eroded, etc.). Overlying tissue, screw connectors, and sublaminar wires were removed from each Ti and SS rod at each level. Both rods from each spine had photographs taken at each level of contact with a metal component and qualitative observations were recorded (coloring, etching of the surface, and loose material).
Histological Analysis.
Tissue samples directly overlying the rods alone and at each metallic contact were dissected away from eleven locations over the SS rod and eleven locations over the Ti rod, taking care to avoid any contact of scalpel blades with any of the metal implants. These samples were immediately placed in 10% neutral buffered formalin in labeled collection tubes. Following fixation, the tissue samples were submitted for routine paraffin embedment. Paraffin blocks were sectioned at 4 microns, and the sections were placed on glass slides. Slides were stained with hematoxylin and eosin (H&E) then examined under light microscopy to qualitatively determine the histopathology of the tissues. Evaluation of the slides included foreign body reaction (FBR, giant cells/macrophages in six 100x microscopic fields), metal particle count (particles >3.3 m in six 100x fields), and inflammation (graded 0 = not present to 2 = extensively present). Histological classifications were compared between tissue over single metal combinations (SS + SS, Ti + Ti) and over each combination of different metals (SS + Ti, SS + CC, Ti + CC) and between tissue over wire combinations and nonwire combinations.
Corrosion Analysis.
Following removal of all tissue, the constructs were thoroughly rinsed in distilled water with care taken to avoid any metal contact with the constructs. They were then affixed to laminated sheets of the construct diagram and sterilized via ethylene oxide. Constructs were photographed then disassembled. Each component was again photographed and viewed, recording any discoloration or etching of the metal.
Just prior to surgery and at 3, 6, 9, and 12 (just before to euthanizing) months post-op, each animal had 3 mL of blood drawn from an ear vein via a butterfly catheter. Blood was placed in metal free collection tubes (royal blue top) and the serum was extracted and stored frozen (−20 ∘ C). Metal level analysis of the serum was not performed as there were only two animals at the 12-month survival period and the analysis was deemed to be not very meaningful for such a small sample size.
Data Collection and Analysis/Statistical
Methods. Qualitative data was collected from the radiographic, visual observation, and histological evaluations as described above. The continuous dependent variables (FBR cells and number of metal particles in slides of overlying tissue) were compared between mixed versus single metal and wire versus other combinations using repeated measures analysis of variance (ANOVA). Chi-square comparisons of mixed versus single metal and wire versus other contacts were made for the histological parameter of inflammation. Significance was set at < 0.05. A sample size of = 7 was used due to the pilot nature of this project, so the power for the statistical analyses will be expectedly very low.
Results

Surgical
Procedure. Four (one female and three male) animals had neurological dysfunction immediately postoperatively which did not resolve after two days. The first two surgeries had additional Ti supralaminar (most cephalad level) and SS infralaminar hooks attached bilaterally to the rods in two vertebral levels proximal to those outlined in Figure 1 . Upon inspection of the spine following harvest, all four hooks in both animals had fractured and pulled through the laminae. In addition, a sublaminar wire technique was used in these first two animals in which the SS and CC double wires were passed through the sublaminar space then secured around the rods, leaving a double wire around the laminae. Since it was felt that these techniques resulted in neurologic deficit both times, all remaining cases were performed without hooks and using a single sublaminar wiring technique. Following these adjustments to the implant protocol, there were two additional neurologic insults that occurred in the immediate postoperative period. One deficit was clearly due to a pedicle screw placement impinging on the spinal cord, seen immediately on postoperative radiographs. The other neurological deficit was determined to be due to a CC wire that did not conform to the anterior surface of the lamina, extending over 1.5 cm into the canal. These four animals were euthanized and not included in further analyses.
Five months post-op, one female mini-pig developed a Group E Streptococcus (common in "streptococcal lymphadenitis of swine") surgical site infection, for which it was treated with aggressive irrigation and debridement of the wound under sedation (immediately and again one week later) with twice daily cleaning of the wound and a twenty-day course of antibiotics (Naxcel, 200 mg IM daily). The infection 
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∘ did not resolve, so the animal was euthanized almost 7 months following implant placement. This animal was also excluded from all further analyses. Surgical times for the remaining two male animals were 125 minutes and 140 minutes, with blood loss of <20 cc in the two animals ( Table 1 ). The recovery periods were unremarkable and animals were returned to regular pen and activity levels within two days. Body weight increased by 26 and 48% (from 49 and 40 kg pre-op to 61.5 and 59 kg, resp.) and body length increased by 6 and 19% (from 92.5 and 80 cm pre-op to 98 and 95 cm, resp.) over the 12 months following surgery. (Figure 2 ). All implants remained intact and in place for the full twelve months. No intervertebral fusion developed at any of the surgical levels. In the 3-month post-op X-rays, lucency was seen around all of the screws (right and left and proximal and distal) indicating that there was motion of the screws within the bone. Lucency remained the same or increased in the 6-, 9-, and 12-month post-op films; however, screws did not pull out (Figure 3) . Pre-op X-rays of the surgical levels showed some kyphosis "naturally" present (19 and 25 ∘ ) which was eliminated by placement of the implant construct (post-op kyphosis was 4 ∘ kyphosis and 0 ∘ , Table 2 ). Kyphosis returned by the 3-month post-op films, with both animals returning to within 2 ∘ of the pre-op sagittal contour. There was some evidence of vertebral body wedging created by posterior tethering of growth by the implant construct in one animal (P2). Rod-wire distance measurements (average ± stdev, adjusted for magnification) for the animals remaining in the study for the full 12-month period ( = 2) were 10.35 ± 0.48 mm for SS wires, 9.00±2.27 for Ti cables, and 11.73±0.06 for CC wires (Figure 4 shows an example). This demonstrated that the Ti cables protruded into the canal by 1 to 2 mm less than the SS and CC wires, conforming more readily to the posterior wall of the spinal canal. In the one single animal that did have a neurological deficit with single wires, rod-wire distances were 12.34 for SS wires, 11.81 for Ti cable, and 17.42 for CC wires. The one CC wire indicated with a solid arrow in Figure 4 was over 19 mm.
Radiographic Analysis. Radiographs taken immediately post-op showed appropriately placed implant constructs
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Gross Observation.
By gross observation, all implants and wires remained intact and in place. Muscle tissue over the implants for the two spines was generally pink and normal in appearance, with slight tissue discoloration noted over a few of the implants (P12: very little discoloration, P2: yellow coloring over the SS rod + Ti screw and SS rod + SS wire junctions and slight graying over the Ti rod + SS x-link junction). There was some "scarring" (white, glistening tissue) surrounding all metal components. No loose metal particles were detectable in any of the specimens by gross observation.
There was some scratching of the SS and Ti rods in P12, mainly with the Ti cable junction on the SS rod. However, there was no obvious discoloration of any of the implants from P12 or P2. Figure 5 shows the typical appearance of histological samples including fibrosis, necrosis (pyknotic nuclei and necrotic debris), foreign body reaction (granuloma, giant multinucleated cells), and presence of metal particles. A summary of the histological data for single metal (SS and Ti) and mixed metal combinations is presented in Table 3 . Histology of tissue over SS connections ( = 8) demonstrated 11.1 ± 7.6 FBR cells, 2.1 ± 1.7 metal particles, and moderate to extensive inflammation. When Ti components were linked ( = 6), tissue histology showed 6.3 ± 3.8 FBR cells, 5.2 ± 6.7 metal particles, and no to extensive inflammation (83% extensive). Tissue over mixed metal components ( = 22) had 14.1 ± 12.6 FBR cells and 13.4 ± 27.8 metal particles. Although it appears that there are more FBR cells and metal particles in mixed metal combinations than in SS or Ti alone, this is not significantly proven ( = 0.347, and 0.381, resp.). Samples surrounding sublaminar wires/cables versus other combinations (Table 4) demonstrated FBR (12.4 ± 13.5 versus 12.0 ± 9.6 cells, = 0.96), metal particles (19.8 ± 32.6 versus 4.3 ± 12.7, = 0.24), and inflammation (50% versus 75% extensive, = 0.12). The number of metal particles in overlying tissue was on average 5 times higher in wire metal combinations, but this was not a significant finding ( = 0.241). Figure 6 shows one set of components twelve months after implantation. All yellow, orange, or red discoloration is likely due to tissue remaining on the implants. We did not scrub the implants due to the risk of scratching the surfaces. No erosion of the rods is seen, with only some surface scratching at the SS rod to SS crosslink junction, mainly in one animal (P2). The Ti rod had darker discoloration at the metal junctions than the SS rod but was not scratched.
Histological Analysis.
Corrosion Analysis.
Discussion
Despite the fact that surgical techniques for sublaminar hook and wire/cable placement currently employed in the pediatric population for spinal deformity correction were performed in this mini-pig model by spine surgeons with many years of experience performing sublaminar wires, the first two cases resulted in neurological deficit. A revised technique was applied, which provided improved neurological outcomes. However, the Yucatan mini-pig was still found to be susceptible to neurological deficit when the sublaminar wires/cables do not conform well to the posterior canal. This was especially the case with use of CC wire, in which the surgeons found it much more difficult to precisely contour and control the shape due to the high yield strength of the metal. This shows how relatively stenotic and neurologically sensitive the Yucatan mini-pig is as a model for sublaminar wire placement. Sublaminar hooks were found not to be a viable technique in this animal model due to the fragile laminar bone and the forces applied as the spine returned to its normal kyphosis. Clearly, studying sublaminar wiring techniques for use in the clinical population using this animal model is not optimal.
Immediately post-op, the regular kyphotic contour of the lumbar spine was removed in all the animals as the spine was instrumented with straight rods. Within the first three months following surgery, most of the normal kyphotic contour returned as the spine returned to its natural position via flexion through the unfused intervertebral discs. This return of kyphosis was accomplished at the expense of screw loosening, as seen on radiographs. Sublaminar hooks, used in the first two animals, pulled out as the spine returned to its kyphotic contour resulting in vertebral fracture, whereas the pedicle screws loosened but did not pull out substantially, allowing a nontraumatic return of the normal kyphotic contour. Pedicle screws were therefore found to be a safer technique than hooks for vertebral fixation in this model that we have proposed to use to study corrosion. No fusion occurred over the 12-month survival period, allowing maximal opportunity for motion of the implant construct with possible related corrosion effects.
Corrosion in orthopedic implants has been correlated with decrease in implant integrity, tissue reaction, infection, and pain [6, 13, [17] [18] [19] [20] . More specifically, corrosion due to micromotion in spine implants has been blamed for late onset pain and drainage from the instrumentation site. Wimmer and Gluch report on eight patients with radiographic lucency around pedicle screws, six of which had a discharging sinus and pain between 12 and 34 months post-op. Instrumentation was removed from these six patients, and overlying tissue was found to be necrotic and stained with metallosis. They theorize that micromotion between implant components causes metal debris, metal debris, resulting in a foreign body reaction, formation of a false membrane and subsequent late onset fluid drainage [21] . Likewise, Dubousset et al. attribute late onset infection to micromotion of the instrumentation [22] . However, Richards suspected late drainage following spinal instrumentation is caused by intraoperative seeding that remains subclinical for at least 12 months [23] . Likewise, Clark and Shufflebarger found that drainage appearing at least one year following surgery was a granulomatous reaction caused not by fretting corrosion but by the late activation of bacteria introduced at the time of surgery. They prolonged the culture time from 72 hours (1 of 10 cultures was positive) to 7 days (11 of 12 cultures were positive) [24] . More recently, Ho et al. reported that last onset infections in this population are likely due to many factors, including past medical history, use of blood transfusions, and not using a postoperative drain. Specifically, the number of anchor points or levels of instrumentation, which would correspond to the number of metal connections, was not associated with delayed infections [25] . In addition to corrosion resulting from micromotion, corrosion due to having two metals of different types in contact with each other has been shown to be a clinical problem in hip prostheses [18] .
In the current in vivo study, there were no obvious or catastrophic tissue consequences resulting from the contact of differing metals in spinal implants in this animal model over a year. Tissue samples over the single metal combinations and mixed metal combinations had similar levels of foreign body reaction, metal particles, fibrosis, and inflammation. Also, no significant differences were found in overlying tissue response to wires versus other types of combinations in this preliminary study; however, there is a suggestion that wires moving over a rod produce more metal particles than fixed metal junctions, regardless of the type of metal wires or rod. Though it remains best to err on the side of caution, this study does not offer support that mixed metal combinations are any more dangerous, or cause a more severe physiological reaction at the tissue level, than combining components of the same metal.
At this time, most surgeons remain hesitant to combine stainless steel with titanium or cobalt chrome metal in orthopedic implants for fear of increased complication rates [11, 13] . This study must be considered preliminary work and the lack of statistical differences noted is likely due to the small sample size and limited statistical power. In addition to the valuable, but limited, data on the effect of corrosion in a biological environment, valuable lessons have been learned regarding the limitation of this animal model to study spinal techniques including the fragile laminar bone that will not tolerate sublaminar hooks exerting substantial forces and the neurological sensitivity of this animal model to sublaminar Advances in Orthopedic Surgery 9 wiring. Further study with greater numbers is needed to answer the clinical concern of safety when mixing metals in spinal constructs, and we hope these pilot data will inform others who may wish to perform such studies. In vivo study such as this is ultimately required, in addition to ASTM and ISO testing standards for in vitro testing [26] , and is clinically relevant to surgeons who initially implant and often revise patients particularly with nonfusion implant systems such as distraction based growing rods or growth guidance based procedures such as Shilla or Luque trolley.
